Abstract: Haizao Yuhu Decoction (HYD) has been used for approximately 500 years and is well-known in Traditional Chinese Medicine for its efficacy in the treatment of thyroid-related diseases. In this study, a rapid liquid chromatography-tandem mass spectrometry method was developed for the determination of liquiritin, naringin, hesperidin, peimine, liquiritigenin, glycyrrhizic acid, bergapten, nobiletin, osthole, and glycyrrhetinic acid in rat plasma to investigate the pharmacokinetic profile of different HYD prescriptions in a rat model of hypothyroidism. The differences in pharmacokinetic parameters among the groups were compared by Student's t-test. The pharmacokinetic profile of liquiritin, naringin, hesperidin, peimine, liquiritigenin, glycyrrhizic acid, bergapten, nobiletin, osthole, and glycyrrhetinic acid showed significant differences between Haizao and Gancao anti-drug combination and other herbs in HYD. These results may contribute to the rational clinical use of HYD and reveal the compatibility profile of the Haizao and Gancao anti-drug combination.
Introduction
Hypothyroidism is the most common pathological hormone deficiency and is more frequent in women than in men. The incidence of hypothyroidism increases with age, especially after mid-life. Populations with a higher risk of developing hypothyroidism include postpartum women [1] , individuals with a family history of autoimmune thyroid disorders [2, 3] and patients with previous head and neck or thyroid irradiation or surgery, or other autoimmune endocrine conditions. The main treatment for hypothyroidism is supplementation with thyroxine (such as levothyroxine sodium) to achieve restoration of thyroid function [4] . However, due to the narrow toxic-to-therapeutic ratio of thyroid hormone, thyroxine treatment can cause some adverse reactions related to excessive or increased thyroid hormone action, and include symptomatic thyrotoxicosis, subclinical thyrotoxicosis
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(10) (11) ( 12) Figure 1 . The chemical structures of liquiritin (1); naringin (2); hesperidin (3); peimine (4); peiminine (5); liquiritigenin (6) ; glycyrrhizic acid (7); bergapten (8) ; nobiletin (9) ; osthole (10); glycyrrhetinic acid (11) ; diphenhydramine (IS for positive ionization mode) (12) ; and chloromycetin (IS for negative ionization mode) (13) .
In this study, a rapid liquid chromatography-tandem mass spectrometry (LC-MS/MS) method was developed for the determination of glycyrrhizinic acid, liquiritin, liquiritigenin, glycyrrhetic acid, hesperidin, naringin, nobiletin, peimine, peiminine, osthole, and bergapten after oral administration of HYD plus-minus Haizao and Gancao drug combination. In addition, pharmacokinetic profile differences in the different prescriptions of HYD in rats were investigated in order to determine the compatibility of the Haizao and Gancao drug combination and other herbs in HYD.
Results and Discussion

Sample Preparation
Plasma samples (200 μL) and IS solution (50 μL, 1215 ng/mL for diphenhydramine, 476 ng/mL for chloromycetin) were added to an Eppendorf tube, and this mixture was extracted with methanol (550 μL) by shaking on a vortex-mixer for 2 min, and centrifuged for 10 min at 13,000 rpm. The contents were evaporated to dryness in a rotary evaporator at 37 °C. The residue was reconstituted in methanol (100 μL) and centrifuged (13,000 rpm for 10 min). The supernatant was transferred to an autosample vial and an aliquot of 5 μL was injected onto the UPLC-MS/MS system for analysis. (2) ; hesperidin (3); peimine (4); peiminine (5); liquiritigenin (6) ; glycyrrhizic acid (7); bergapten (8) ; nobiletin (9) ; osthole (10); glycyrrhetinic acid (11) ; diphenhydramine (IS for positive ionization mode) (12) ; and chloromycetin (IS for negative ionization mode) (13) .
Results and Discussion
Sample Preparation
Plasma samples (200 µL) and IS solution (50 µL, 1215 ng/mL for diphenhydramine, 476 ng/mL for chloromycetin) were added to an Eppendorf tube, and this mixture was extracted with methanol (550 µL) by shaking on a vortex-mixer for 2 min, and centrifuged for 10 min at 13,000 rpm. The contents were evaporated to dryness in a rotary evaporator at 37 • C. The residue was reconstituted in methanol (100 µL) and centrifuged (13,000 rpm for 10 min). The supernatant was transferred to an autosample vial and an aliquot of 5 µL was injected onto the UPLC-MS/MS system for analysis.
Method Validation
Specificity
All the analytes and internal standards were detected on multiple reaction monitoring (MRM) spectrograms without any endogenous interference (Figure 2 ). All the analytes and internal standards were detected on multiple reaction monitoring (MRM) spectrograms without any endogenous interference (Figure 2 ). 
Linearity and Lower Limits of Quantification (LLOQ)
The calibration curves of the eleven compounds exhibited good linearity with correlation coefficients (R 2 ) ranging from 0.9913 to 0.9998. The LLOQs were suitable for quantitative detection of analytes in the pharmacokinetic studies. Linear ranges, LLOQs, LLODs and correlation coefficients are shown in Table 2 . 
Precision and Accuracy
The results of the intra-and inter-day precision and accuracy of all the analytes in LLOQ and quality control (QC) samples are summarized in Table 3 . Table 3 . Precision and accuracy of determination of the four compounds in rat plasma.
Compound
No.
Concentration (ng/mL)
Intra-Day Inter-Day
The intra-and inter-day precisions ranged from 5.74% to 12.03% and from 4.85% to 11.15%, respectively. The accuracy derived from QC samples was between 89.01% and 104.36% for each QC level of the eleven analytes. The results demonstrated that the precision and accuracy values were within the acceptable range.
Extraction Recovery and Matrix Effect
The mean recoveries of all analytes at different concentrations are shown in Table 4 . The extraction recoveries of three level QC samples were more than 65.08%. The extraction recovery of IS was 79.32%-102.77%. The matrix effect of blank plasma in all the analytes was found to be within the acceptable range; all values were more than 66.75% (Table 4 ). The matrix effect of IS was 98.59%-103.84%. Thus, the plasma matrix effect was demonstrated to be negligible in the assay. Stability of the eleven analytes during sample storage and processing procedures was evaluated by analysis of QC samples. The results are shown in Table 5 . The findings indicated that these analytes in rat plasma were stable after storage for one month at −80 • C, 24 h in the auto-sampler (4 • C) and three freeze-thaw cycles with accuracy in the range of 68.93%-103.09%. 
Pharmacokinetics Study
The developed and validated method was used to evaluate the pharmacokinetics of the eleven compounds after oral administration of different fractions in normal rats ( Figure 3 ). The assay was proved to be sensitive enough for the determination of these analytes in rat plasma. The pharmacokinetic parameters including half-life (T 1/2 ), maximum plasma concentration (C max ), time to reach the maximum concentration (T max ), and area under concentration-time curve (AUC 0~t ) were calculated by a non-compartment model and are shown in Table 6 . 
Comparison of the Pharmacokinetic Profile of Group GC and GH
The Tmax values of liquiritin in group GH significantly decreased compared with those in group GC, while the AUC0~t increased as shown in Table 7 (p < 0.01). These results suggest that the herb Haizao could have a marked influence on the pharmacokinetic profile of liquiritin in the herb Gancao, it may advance the time of peak value and enhance the bioavailability of liquiritin. Following co-administration of Gancao and Haizao, the Cmax and AUC0~t of glycyrrhizinic acid were greater compared with single administration of Gancao, which showed that Haizao increased the absorption of glycyrrhizinic acid. The decrease in AUC value indicated that the herb Haizao could lead to poorer absorption of liquiritigenin in the herb Gancao. Although the pharmacokinetic profile of glycyrrhetinic acid in group GH showed no obvious difference in comparison with that in group GC, the Cmax of glycyrrhetinic acid increased significantly. 
The T max values of liquiritin in group GH significantly decreased compared with those in group GC, while the AUC 0~t increased as shown in Table 7 (p < 0.01). These results suggest that the herb Haizao could have a marked influence on the pharmacokinetic profile of liquiritin in the herb Gancao, it may advance the time of peak value and enhance the bioavailability of liquiritin. Following co-administration of Gancao and Haizao, the C max and AUC 0~t of glycyrrhizinic acid were greater compared with single administration of Gancao, which showed that Haizao increased the absorption of glycyrrhizinic acid. The decrease in AUC value indicated that the herb Haizao could lead to poorer absorption of liquiritigenin in the herb Gancao. Although the pharmacokinetic profile of glycyrrhetinic acid in group GH showed no obvious difference in comparison with that in group GC, the C max of glycyrrhetinic acid increased significantly.
Comparison of the Pharmacokinetic Profile of the GC and HYD-HZ Groups
As shown in Table 8 , following HYD-HZ administration in model rats, T max , C max and AUC 0~t of liquiritin increased significantly, especially T max and C max (p < 0.01). Although the T 1/2 of glycyrrhizinic acid showed no obvious difference in comparison with that in the GC group, its half-life showed a decreasing trend. These findings suggest that the other herbs in HYD may lead to better absorption and greater bioavailability, and delay the peak concentration of liquiritin. The pharmacokinetic profiles of the other three bioactive components in Gancao showed no significant differences. 
Comparison of the Pharmacokinetic Profile of the HYD and HYD-GH Groups
As shown in Table 9 , the T 1/2 of naringin, hesperidin, peimine and osthole in the HYD group changed significantly compared with the HYD-GH group. Gancao and Haizao drug combination prolonged elimination of the components in Chenpi, Qingpi, Beimu and Duhuo. In addition, an obvious decrease in the T max value of bergapten was detected. The herb Gancao and Haizao had a marked impact on the absorption of nobiletin and osthole. The C max of nobiletin and osthole as well as the AUC 0~t of osthole were greatly reduced in group HYD-GH compared with group HYD. 
Double Peak Phenomena
The plasma concentration-time curves of some bioactive ingredients showed double peaks or shoulders which were also reported in previous studies after oral administration of extract [12, 13] . Oral administration is the predominant route of drug administration, and there are many factors affecting the absorption of a drug into the bloodstream, which is a very complex process [14] . The cause of the double peak phenomenon after oral administration is controversial and still unclear.
The reason why the plasma concentration-time curves of flavonoids showed a second peak may be due to bacterial metabolism in the intestine [15] . Glycyrrhizinic acid can be metabolized into glycyrrhetinic acid, which is mainly absorbed in the large intestine [16] . This may be the main cause of the second peak seen in the plasma concentration-time curves of glycyrrhetinic acid. However, these hypotheses require further investigation.
Influence of Haizao and Gancao Drug Combination and Other Herbs in HYD on the Pharmacokinetic Profile of the Eleven Bioactive Components
The drug combinations in traditional Chinese recipes can significantly influence the blood concentration and the pharmacokinetic parameters of the individual components after oral administration. In this study, the pharmacokinetic parameter data obtained for liquiritin, naringin, hesperidin, peimine, peiminine, liquiritigenin, glycyrrhizic acid, bergapten, nobiletin, osthole, and glycyrrhetinic acid in the different groups showed some significant differences.
The results indicated that the herb Haizao advanced the time to peak value, enhanced the bioavailability of liquiritin and increased the absorption of glycyrrhizinic acid and glycyrrhetinic acid in Gancao. In addition, the other herbs in HYD also led to greater bioavailability of liquiritin. The effects of Haizao and Gancao drug combination on the pharmacokinetic profile of other herbs in HYD were mainly on T 1/2 , C max and AUC 0~t . The C max of nobiletin and osthole as well as the AUC 0~t of osthole were greatly increased under the influence of Haizao and Gancao.
The cytochrome P450 enzymes (CYPs) belong to a super family of hemeproteins, involved in the metabolism of exogenous and endogenous chemicals [17] . Drug metabolism mainly depends on isozymes of the cytochrome P450 enzyme system, such as CYP1A2 (13%), CYP2C (20%), CYP2D (2%), CYP2E1 (7%), and CYP3A (29%) [18] [19] [20] . The drug interactions associated with induction or inhibition of CYP enzymes have been proved to be among the most important factors in causing side effects in clinics. Some published papers indicated that glycyrrhetic acid in the herb Gancao inhibited CYP2C19, CYP2C9 and CYP3A4 enzyme activities with inhibitory potencies up to 50% [21] . P-glycoprotein (P-gp) is an energy-dependent membrane protein encoded by multidrug resistance 1 which was first found in tumor cells [22] . Drug concentration can be reduced by P-gp, which is known as an ATP-dependent drug efflux pump [23, 24] . Haizao and Gancao drug combination are also thought to be an inhibitor of P-gp. However, Haizao alone may not be an inhibitor of P-gp function in the intestinal membrane, but some of the components of herb Haizao may strengthen membrane permeability to increase the bilateral transport of other components [25] . This may explain why the Gancao and Haizao drug combination prolonged the elimination and enhanced the absorption of the bioactive components in Chenpi, Qingpi, Beimu and Duhuo.
Study limitations
This study has some limitations. The main ingredients in the herb Haizao are meroterpenoids, phlorotannins and polysaccharide [26] [27] [28] . Most of the ingredients are not indicators as they are mainly endogenous or have not been quantitatively tested by LC-MS/MS. Recently, the pharmacokinetic profile of arsenic (As) in Haizao was studied in our laboratory at different doses using HPLC-HG-AFS [29] . In the herb Haizao, as is present in high concentrations and primarily exists in inorganic forms and is known to be a deadly toxic substance. Further study will be carried out to investigate the effects of herb Gancao on the pharmacokinetic profile of the toxic ingredients in the herb Haizao. 
Experimental Section
Materials and Reagents
Animals
All experiments were performed with male Wistar rats, weighing 220-250 g, obtained from the Vital River Experimental Animal Co., Ltd. (Beijing, China). They were kept in plastic cages at 22 ± 2 • C with free access to pellet food and water. Animal welfare and experimental procedures were carried out in accordance with the guide for the Care and Use of Laboratory Animals (National Research Council, Washington, DC, USA), and the Committee for the Update of the Guide for the Care and Use of Laboratory Animals (2011) and related ethical regulations of Nanjing University of Chinese Medicine.
Chromatographic Conditions
Chromatographic analysis was performed using a Waters Acquity UPLC system (Waters Corp., Milford, MA, USA), consisting of a binary pump solvent management system, an online degasser, and an auto-sampler. An Acquity UPLC BEH C 18 (100 mm × 2.1 mm, 1.7 µm) column was used for all analyses. The column temperature was maintained at 35 • C. The mobile phase was composed of (A) formic acid aqueous solution (0.1%); and (B) acetonitrile using a gradient elution of 10%-30% B at 0-4 min, 30%-80% B at 5-9 min, 80%-95% B at 5-9 min, 95% B at 9-10 min, 95%-100% B at 10-11.2 min.
Mass Spectrometry Conditions
Mass spectrometry detection was performed using a Xevo Triple Quadrupole MS (Waters Corp.) equipped with an electro-spray ionization source (ESI). The ESI source was set in both positive and negative ionization mode. The parameters in the source were set as follows: capillary voltage 3.0 kV; source temperature 150 • C; desolvation temperature 550 • C; cone gas flow 50 L/h; desolvation gas flow 1000 L/h. Analyte detection was performed using MRM. The cone voltage and collision energy were optimized for each analyte and selected values are shown in Table 10 . All data collected in centroid mode were acquired using Masslynx 4.1 software (Waters Corp.) and post-acquisition quantitative analysis was performed using the TargetLynx program (Waters Corp.). 
Preparation of Calibration Standards and Quality Control Samples
A standard stock solution mixture containing the eleven compounds was prepared in methanol with a final concentration of 28.2 µg/mL for liquiritin (1); 22.7 µg/mL for naringin (2); 18.7 µg/mL for hesperidin (3); 17.7 µg/mL for peimine (4); 18.2 µg/mL for peiminine (5); 21.1 µg/mL for liquiritigenin (6); 22.2 µg/mL for glycyrrhizic acid (7); 21.4 µg/mL for bergapten (8); 18.1 µg/mL for nobiletin (9); 18.5 µg/mL for osthole (10); and 24.5 µg/mL for glycyrrhetinic acid (11), respectively. The stock solution was serially diluted with methanol to provide working standard solutions of the desired concentrations. The IS stock solutions (24.6 µg/mL for diphenhydramine-IS for positive ionization mode and 23.8 µg/mL for chloromycetin-IS for negative ionization mode) were also prepared using methanol. IS working solutions (1215 ng/mL for diphenhydramine, 476 ng/mL for chloromycetin) were prepared by diluting the stock solution with methanol. Calibration samples were prepared by mixing solutions of standard mixture, IS and methanol with rat blank plasma to obtain final concentrations in the range of 2.82-2820 ng/mL for liquiritin, 2.27-2270 ng/mL for naringin, 1.87-1870 ng/mL for hesperidin, 1.77-1770 ng/mL for peimine, 1.82-1820 ng/mL for peiminine, 2.11-2110 ng/mL for liquiritigenin, 2.22-2220 ng/mL for glycyrrhizic acid, 2.14-2140 ng/mL for bergapten, 1.81-1810 ng/mL for nobiletin, 1.85-1850 ng/mL for osthole, 1.82-1820 ng/mL for glycyrrhetinic acid, and 1215 ng/mL for diphenhydramine (IS for positive ionization mode) and 476 ng/mL for chloromycetin (IS for negative ionization mode) for IS, respectively. All solutions were stored at −20 • C before use. QC samples were also prepared in the same way (2.82, 141, 2820 ng/mL for liquiritin, 2.27, 114, 1135 ng/mL for naringin, 1.87, 94, 935 ng/mL for hesperidin, 1.77, 88.5, 1770 ng/mL for peimine, 1.82, 91, 910 ng/mL for peiminine, 2.11, 105.5, 1055 ng/mL for liquiritigenin, 2.22, 111, 2220 ng/mL for glycyrrhizic acid, 2.14, 107, 1070 ng/mL for bergapten, 1.81, 90.5, 1810 ng/mL for nobiletin, 1.85, 92.5, 925 ng/mL for osthole and 2.45, 122.5, 2450 ng/mL for glycyrrhetinic acid) at low, middle and high concentrations.
Validation Procedures
The specificity of the method was evaluated by preparing and analyzing six different batches of rat plasma to determine potential interferences at the LC peak region for analytes and IS. The rat plasma chromatograms were compared with those obtained with a sample at the concentration of LLOQ. The signal intensity at this concentration was at least five times higher than that of blank plasma.
The linearity of each calibration curve was determined by plotting the peak area ratio (y) of analytes to IS versus the nominal concentration (x) of analytes with weighted (1/x 2 ) least square linear regression.
Accuracy and intra-and inter-day precision were estimated by analyzing three QC samples (five samples for each) at low, middle and high concentrations on the same day and on three consecutive validation days, respectively. The precision was evaluated by relative standard deviation (RSD %) and accuracy by (mean measured concentration/spiked concentration) × 100%.
Extraction recovery was assessed by comparing the peak responses of three QC samples (five samples for each) with the responses of analytes from standard solutions spiked in post-extracted blank plasma at equivalent concentrations.
The matrix effect was measured by comparing the peak responses obtained from samples where the extracted matrix was spiked with standard solutions to those obtained from neat standard solutions at equivalent concentrations.
Three QC samples (five samples for each) were tested for pre-treatment, post-treatment, three freeze-thaw cycles and long-term stabilities. Pre-treatment stability was assessed by exposing QC samples to room temperature for 4 h. Post-treatment stability was evaluated by placing QC samples in the auto-sampler at 4 • C for 24 h. For freeze-thaw cycle stability assessment, QC samples were repeatedly frozen and thawed for three cycles from −80 • C to 20 • C. Long-term stability was carried out by placing QC samples at −80 • C for 2 weeks.
Preparation of Rat Model of Hypothyroidism
A considerable increase in thyroid stimulating hormone (TSH) and decrease in triiodothyronine (T 3 ) and tetraiodothyronine (T 4 ) in serum are considered to be markers of successful hypothyroid rat model preparation [30] . PTU is the classic drug used to replicate hypothyroidism in rat models. It is generally thought that PTU can decrease the level of thyroid hormone in a hypothyroid rat model by inhibiting the activity of TPO [31, 32] . Model Wistar rats were administered PTU intragastrically at a dose of 10 mg/kg (QD) for 2 weeks to establish hypothyroidism. Serum from model rats was collected on the last day of PTU administration and the T 3 , T 4 and TSH levels were determined using test kits. Wistar rats with a considerable increase in thyroid TSH and a decrease in serum T 3 and T 4 were considered to have hypothyroidism and were selected for subsequent pharmacokinetic studies. The levels of these hormones are shown in Table 11 . 
Pharmacokinetic Studies
For the pharmacokinetic studies, model Wistar rats were divided into six groups (n = 6 per group). Rats in the model HYD groups were administered HYD at a dose of 12 mL/kg intragastrically. In the model HYD-GC groups, HYD-GC (11 mL/kg) was administered. In the model HYD-HZ groups, HYD-HZ (11 mL/kg) was administered. In the model HYD-GC-HZ groups, HYD-GC-HZ (10 mL/kg) was administered. In the model GH groups, GH (2 mL/kg) was administered. In the model GC groups, GC (1 mL/kg) was administered. Blood samples were collected at specific time points before (0 min) and after oral administration (5, 10, 20, 40, 60, 120, 240, 480, 720, 1440 min) . A total of 360 blood samples were collected. All blood samples were immediately centrifuged at 2500 rpm for 10 min to obtain plasma, which was labeled and frozen at −80 • C until analysis. Blank plasma was obtained from the rats without oral administration and was used to investigate the assay development and validation.
Statistical Analysis
To determine the pharmacokinetic parameters of compounds 1-11 in different groups, concentration-time data were analyzed by DAS 3.2 software (Mathematical Pharmacology Professional Committee of China, Shanghai, China, 2011). Data were expressed as the mean and standard deviation (S.D.) with triplicate measurements. The identification of significant differences between different groups was carried out using the Student's t-test. A p value < 0.05 was considered statistically significant.
Conclusions
In this study, a rapid, selective and specific LC-MS/MS method for the simultaneous analysis of eleven components in rat plasma using a 12.0 min simple chromatographic run was developed for the first time. The herb Haizao advanced the time to peak value, enhanced the bioavailability of liquiritin and increased the absorption of glycyrrhizinic acid and glycyrrhetinic acid in Gancao. In addition, the other herbs in HYD led to greater bioavailability of liquiritin. The effects of Haizao and Gancao drug combination on the pharmacokinetic profile of other herbs in HYD were mainly related to T 1/2 , C max and AUC 0~t . The C max of nobiletin and osthole as well as the AUC 0~t of osthole were greatly increased under the influence of Haizao and Gancao. These findings may contribute to the rational clinical use of HYD and also determine the compatibility of the Haizao and Gancao drug combination.
